We calculate the dissociation cross-sections of B c mesons by π and ρ mesons including anomalous processes using an effective hadronic Lagrangian. The enhancement of B c production is expected due to QGP formation in heavy-ion experiments. However it is also expected that the production rate of B c meson can be affected due to the interaction with comovers. These processes are relevant for the experiments at RHIC. Thermal average crosssections of B c are evaluated with a form factor when a cut off parameter in it is 1 and 2 GeV. Using these thermal average cross-sections in the kinetic equation we study the time evolution of B c mesons due to dissociation in the hadronic matter formed at RHIC.
Introduction
In 1986 Matsui and Satz [1] hypothesized that in a deconfined medium color screening would have dissociated the J/ψ, resulting in a suppressed yield of J/ψ. This deconfined state is called Quark-Gluon Plasma (QGP). Thus for the existence of QGP, suppression of J/ψ could be considered as a probe. Anomalously large suppression of events was observed by NA50 experiment at CERN [2] with moderate to large transfer energy from the Pb+Pb collision at P lab = 158 GeV/c. However, this observed suppression may also occur due to absorption by comoving hadrons mainly π and ρ, especially if the dissociation cross section is at least few mb [3, 4, 5, 6, 7, 8] . To calculate these cross sections, quark potential models, perturbative QCD [9] , QCD sum-rule approach [10, 11] and flavor symmetric effective Lagrangian [12, 13, 14, 15] has been used. Analogous to charmonium, suppression of bottomonium states is also predicted during the formation of QGP [1] . Recently it was observed by CMS in Pb+Pb collisions that excited states of bottomonium are strongly suppressed [16] . To have unambiguous interpretation of the the observed signal, the information of dissociation cross section is also needed [13, 17] . It was suggested that the production rate of heavy mixed flavor hadrons would be affected in the presence of QGP [18, 19] . For calculating the rate of production of these hadrons comprehensive information is required to distinguish QGP affected hadron production and suppression due to dissociation by comovers. It is expected that B c production could be enhanced in the presence of QGP [19, 20] . QGP contains many unpaired b(b) and c(c) quarks due to color Debye screening. These unpaired b(b) and c(c) quarks upon encounter could form B c (bc) or (bc) mesons and due to relatively large binding energy, B c mesons probably survive in QGP [20] . However, observed production rate would also depend upon the dissociation cross section by hadronic comovers.
In Ref. [20] B c absorption by nucleons was examined with the meson-baryon exchange model. The calculated cross sections were in the range of a few millibarn. Recently in Ref. [21] , using the same couplings and hadronic Lagrangian within meson exchange model the dissociation of B c meson by π meson were examined. The range of the resulting cross sections involving the form factors were 2 − 7 mb and 0.2 − 2 mb for the processes B + c + π → D + B and B + c + π → D * + B * , respectively. In Ref. [22] , the dissociation of B c meson by ρ mesons were examined. For the processes B + c + ρ → D * + B and B + c + ρ → D + B * the resultant cross sections with the form factor were in the range of 0.6 − 3 and 0.05 − 0.3 mb, respectively . In this paper we investigate the B c dissociation by π and ρ mesons including anomalous couplings like PVV, PPPV and PVVV which were ignored in the previous studies. Inclusion of these couplings results in opening of new dissociation channels and addition of new processes and extra diagrams. The contribution of anomalous couplings is found to be significant for calculating cross sections of charmonium dissociation with π and ρ meson in Ref. [23] , K mesons in Ref. [24] and dissociation of B c meson by nucleons in Ref. [25] . We also calculate the thermal average cross sections and study the time evolution of B c meson at RHIC using a schematic expanding fireball model with an initial B c abundance determined by the statistical model. The paper is organized as follows. In Sec. 2, the interaction Lagrangian terms which are relevant for the description of the dissociation of B c by π and ρ mesons including anomalous processes are given and also analytical expressions of the amplitudes for the dissociation of B c meson are reported. In Sec. 3, we calculate the cross sections with and without form factor and thermal average cross sections. In Sec. 4, we study time evolution of the B c meson abundance at RHIC in a schematic model. In Sec. 5, we present the summary and discussion.
2 Interaction Lagrangian and Amplitudes of B c meson dissociation
Interaction Lagrangian
We consider the following reactions using an effective Hadronic Lagrangian.
The processes in the first and second column, and also in the third and fourth column have same cross sections as being charge conjugation of each other. The generic form for the 1st reaction is given as
For calculating the cross sections of the above reactions, relevant interaction Lagrangian terms are required. The required interaction Lagrangian for normal processes (for which the relevant couplings are dimensionless) are obtained using the method described in Refs. [21, 22] and are given as follows.
In addition to the above normal terms there are anomalous terms as well which are required to give a complete description of the hadronic processes. The required interaction Lagrangian for the anomalous processes (for which the relevant couplings are not dimensionless) are obtained using the method described in Ref. [23] and are given as follows.
In Eqs. (3) and (4) − → τ represents Pauli spin matrices, and − → π and − → ρ represent isospin triplets,
while vector and pseudoscalar charm and bottom meson doublets are given as
Amplitudes for B c meson dissociation
For calculating the cross section for B c meson dissociation by π and ρ mesons, we use the effective Lagrangian given in Eqs. (3) and (4) . In this paper we are only reporting the scattering amplitudes of anomalous processes and of additional diagrams which are dependent on the anomalous couplings. Absorption amplitudes of other diagrams which depend only on normal couplings are given in Refs. [21, 22] . Diagrams of the process B + c + π → D * + B are shown in Fig. 1 (2a to 2c) and the amplitudes of the diagrams are
And the full amplitude is written as
Diagrams of the process B + c + π → D + B * are shown in Fig. 1 (3a to 3c) and the amplitudes of the diagrams are
Diagrams of the process B + c + π → D * + B * are shown in Fig. 1 (4a to 4e). The amplitudes of diagram 4d and 4e which depend on anomalous couplings are
Now we report the absorption amplitudes of the anomalous processes of B c by ρ. Diagrams of the process B + c + ρ → D + B are shown in Fig. 2 (5a to 5c). The amplitudes of these diagrams are
Diagrams of the process B + c + ρ → D * + B are shown in Fig. 2 (6a to 6d) . The amplitudes of the anomalous diagram 6d is given as
Diagrams of the process B + c + ρ → D + B * are shown in Fig. 2 (7a to 7d) . The amplitude of the anomalous diagram 7d is given as
Diagrams of the process B + c ρ → D * + B * are shown in Fig. 2 (8a to 8e) , the amplitudes of these diagrams are
We define the four-momenta of the incoming particles as p 1 and p 2 and those of the final particles as p 3 and p 4 , which then defines t = (p 1 After averaging (summing) over initial (final) spins and including isospin factor, we calculate the cross sections by using the total amplitudes specified in above equations. The isospin factor for calculating these cross section is 2 for all the processes.
3 Dissociation Cross-Sections of B c Meson
Numerical values of input parameters
Numerical values of all the meson masses are taken from Particle Data Group [26] . Estimation of the coupling constants of effective Lagrangian is required for calculating the cross sections.
To fix the couplings for the normal processes, we follow the methods of Refs. [12, 27] ; we refer to Ref. [12] for details. In a similar way we have determined the couplings for the anomalous interactions, which are reported in this paper whereas normal couplings are given in Refs. [21, 22] . The coupling g D * D * π which has a dimension of GeV −1 is fixed by applying the heavy quark spin symmetry. We follow Ref. [23] in which this coupling is given as
where 
The coupling constants g ρB * B , g BcB * D * , g πB * B * can be approximated by
, respectively, in heavy quark mass limit as in Ref. [28] . Since no experimental or phenomenological information is available on the 4-point vertices. In this case we use SU(5) symmetry relations to relate a 4-point coupling to the product of two 3-point couplings and assumes that the symmetry breaking effects in the 4-point coupling constants are included via phenomenological values of the 3-point couplings, as argued in Ref. [12] . Hence, using the symmetry relations and the phenomenological estimates of the 3-point vertices, as given in Refs. [21, 22] and as given above, we have
However, for g πBcB * D , g πBcD * B and g ρBcDB couplings, it is not possible to write these couplings as a product of two 3-point coupling constants because of the difference in their dimensions. Hence, in this can we directly use SU(5) symmetry relation assuming the symmetry breaking effects change F π to F D [29] , where F π and F D are pion and D mesons decay constants respectively. Here we have used F D ≈ 2.3F π as in Ref. [23] . This gives
The three point coupling g BcDB * is given in Refs. [21, 22] and the constant factor of the couplings in the effective Lagrangian is given in Ref. [23] . We summarize the values of the coupling constants and methods for obtaining them in Table 1 .
B c dissociation cross sections
In the effective Hadronic Lagrangian the Hadrons represent the fundamental degrees of freedom. This treatment needs to be corrected by inclusion of form factors as the Hadrons are not the fundament particles and have finite sizes. The resulting changes in the transition amplitudes of any diagram can be accounted for by multiplying with the form factors of the interaction vertices involved in it. In this paper we have used the same monopole form factor as given in
Refs. [21, 22, 25] to multiply with three point vertices of all the processes.
Here, Λ represents a cutoff parameter and square of the exchange three momentum for the system in c.m (centre of mass) frame is represented by q 2 . Where q 2 = (p 1 − p 3 ) 2 for t channel diagrams and (p 1 − p 4 ) 2 for u channel diagrams. This form was used to calculate the cross sections of B + c by π, ρ mesons and nucleons in Refs. [20, 21, 22, 25] and also in Refs. [12, 13, 30 ] to calculate the hadronic cross sections of charmonium, bottomonium, and eta mesons. Following form factor is used at four point vertices of all the processes.
where
. Generally, cutoff parameter may take different values for different vertices. In some cases cutoff parameters of the form factors used with meson or baryon exchange models can be fitted to experimental data of hadronic cross sections [31] . In the absence of any experimental data, we may provide an estimate on the basis of size of the interacting hadrons. It is shown in Ref. [21] that a variation in the range 1.2 to 1.8 GeV is consistent with the known sizes of the interacting hadrons. As in the previous studies [21, 22, 23] and also based on the results given in Ref. [32] , we consider the same cutoff parameters for all the processes and use two values 1 and 2 GeV. It can be seen from Fig. 3b that for the 2nd process the cross section ranges between 0.005 to 0.1 mb away from the threshold with the form factor included and its threshold energy is 7.29 GeV. Fig. 3c shows that for the 3rd process the cross section roughly varies between 0.0007 to 0.1 mb and threshold energy is 7.20 GeV. In the 4th process additional anomalous diagrams are included which are shown in Fig. 1 as diagrams 4d and 4e. This cross section was reported in our previous work without including the anomalous diagrams [21] . Threshold energy of this process is 7.29 GeV. Fig. 3d shows that the cross section ranges between 2 to 8 mb away from the threshold including the form factors. increase rapidly at the threshold for all four processes. As shown in Fig. 4a that for the first process the cross section ranges from 0.0001 to 0.03 mb when form factor is included. Fig. 4d shows that for the 4th process the cross section with form factor approximately ranges between 0.01 to 0.08 mb for large √ s. It is noted that both 1st and 4th are anomalous processes where as for 2nd and 3rd processes additional diagrams are introduced by anomalous interactions. Previously in Ref. [22] we have studied these two processes without including the anomalous diagrams. As shown in Fig. 4b for the 2nd process the cross section with form factor ranges between 2 to 7 mb and threshold energy is 7.20 GeV. Fig. 4c shows that for the 3rd process the cross section roughly ranges between 0.1 to 0.7 mb and threshold energy for this process is 7.34 GeV.
Thermal average B c meson cross-sections
The following formula can be used to calculate the thermal average cross-section [30] συ = 4α
with α i = m i /T, z 0 = max(α 1 + α 2 , α 3 + α 4 ), K 1 and K 2 are the modified Bessel functions of second kind of order 1 and 2 respectively, υ is the relative velocity of initial particles and T is the temperature of the hadronic matter. We have calculated the thermal average cross-sections of B c mesons including the anomalous parity interactions with form factor, as a function of temperature T . Fig. 5 shows the temperature dependence of thermal average cross sections with form factor for all 4 processes of B c interaction by π. The range of the temperature is taken from 0.1 to 0.3 GeV. Lower and upper dashed curves represent the values for Λ = 1 and 2 GeV respectively. The figure shows that contribution of first process is significantly small as compared to other three processes. In Fig. 6 thermal average cross sections for B c meson absorption by ρ mesons with form factor are given. Thermal average cross sections reported here are used to study yield of B c mesons in hadronic matter in the next section.
Absorption rate of B c in RHIC
Now we examine the effect of interactions of B c meson with the comovers on its absorption rate in the hot hadronic matter. The time evolution of its abundance is studied at RHIC energies using a schematic expanding fireball model with an initial B c abundance determined by the statistical model.
Time evolution of B c Mesons
Time evolution of B c meson density in hot hadronic matter can be studied by the rate equation expressed as
where Ψ is composed of the source (the processes in which B c mesons are created) and/or the sink (the processes in which B c mesons are absorbed) terms, u µ = γ(1, v) is the four velocity and is specified in term of fluid velocity (v) of the hadronic matter and Lorentz factor γ [30] , and n Bc is the density of B c mesons. Ψ as a source term is represented by Ψ 1 which is given as
Ψ as a sink term is represented by Ψ 2 which can be written as
where n a , n Bc , n b and n c represent the densities of a, B c , b and c mesons. 
where σ aBc→bc v Bca and σ bc→Bca v bc represent the thermal average cross-section of B c dissociation with the co-moving particle a and B c production through corresponding reverse processes, respectively. Imposing the simplifying assumption that the comovers almost remain in chemical equilibrium throughout the course of their interaction with B c mesons. This implies that the densities of a, b, and c particles are supposed to have same equilibrium value at any temperature.
It means that the production rate of different particles except B c does not change throughout the interaction with comovers. In chemical equilibrium the principle of detailed balance holds and hence the rate of production of B c mesons is equal to its rate of absorption.
where n eq Bc is the initial value of n Bc . The equilibrium density n eq of a hadron is given as
where K 2 is the modified Bessel function of second kind and second order, m is the mass of the hadron, and d stands for the degeneracy factor (spin and isospin) of the hadron [33] and is given by
Here S represents the spin and I the isospin of the particle [30, 33] . Substituting Eqs. (22)- (24) in Eq. (19), we get
Following the hydrodynamic model used in Ref. [30] in order to investigate the time evolution of the transverse radius of the fireball. In RHIC the particles are distributed almost uniformly in the central rapidity region. We use cylindrical coordinates (τ, η, r, φ) due to cylindrically symmetric geometry of collision. Here τ , η, r, and φ represent longitudinal proper time, space-time rapidity, transverse radius, and polar angle respectively [30] . The proper time τ and rapidity are defined as
The density n Bc (τ, η, r, φ) remains constant in the φ − r plane due to cylindrical symmetry. The assumption of radial transverse expansion implies that u φ = u η = 0 [30] . Further assuming that in the transverse plane density of distribution is uniform, i.e., u r is constant. Applying these assumptions and averaging over the radial coordinate [34, 35] , we get
Here R(τ ) is the transverse radius of the fire-ball [30] and u τ represents the averaged τ component of four velocity vector which is expressed as The expression of u τ in terms of β r (radial flow velocity of the hadronic matter) can be written as
β r is taken
Here a is a constant and its value is taken to be 1 as in Refs. [30, 33] , Eq. (31) can be expressed as dR dτ = β s .
In Eq. (33) β s represents the transverse flow velocity of mid rapidity hadrons at RHIC. u τ in terms of β s can be written as
The time evolution of transverse radius of fire ball is given as
where R H ≈ 9 fm and v H ≈ 0.4c [30] represent transverse radius and transverse flow velocity of fire ball respectively at hadronization time τ H = 7.5 fm/c and a = 0.02c 2 /fm. The values of these parameters are extracted from the measured values of transverse energy and transverse flow velocity of midrapidity hadrons in Au+Au collision at √ s N N = 200 GeV. See Ref. [30] for details. In Ref. [30] the relation between time and temperature of the hadronic matter is parameterized as
where T c is the critical temperature for QGP transition and T H is the hadronization temperature; we take T c = T H = 0.175 GeV. T F = 0.125 GeV is the freeze out temperature and τ F ≈ 17.3 fm/c is the freeze out time. By using thermal average cross-section described in the previous section and solving Eq. 29 numerically, the time dependence of of B c meson yield in hadronic matter at RHIC is calculated for Λ = 1 and 2 GeV. The resultant time dependent yield normalized to equilibrium value is plotted in Fig. 7 from normal interaction and in Fig. 8 after including the anomalous interaction.
Here the initial number of B c mesons is N 0 = τ H πR 2 H n eq Bc (T H ) and the number of B c mesons at time τ is N (τ ) = τ πR 2 (τ )n Bc (τ ). It can be seen from Fig. 7 that yield of B c mesons is affected by almost 14% for Λ = 1 and 2 GeV. Fig. 8 shows that normalized yield of B c mesons slowly decreases with time in the hadronic matter. Total decrease which occurs is 8% for Λ = 1 GeV and 11% for Λ = 2 GeV.
Concluding remarks
In this paper, we calculate cross sections for B c meson dissociation by π and ρ mesons using meson exchange model including anomalous couplings like PVV, PPPV and VVVP. Previously we have studied these processes without including these couplings. A knowledge of B c absorption cross sections by comovers (in this paper π and ρ mesons) is essential to extract information on properties of QGP at RHIC. As shown in Fig. 3 the cross section for the process B + c + π → D * + B * after including the anomalous terms is in the range of 3 to 8 mb, which is significantly enhanced as compared to our previous results for the same process which was 0.2 to 2 mb in Ref. [21] . From Fig. 4 it can be seen that the cross section for B c mesons by ρ mesons is less than 1 mb for all the processes away from the threshold except for the process B + c + ρ → D * + B which is in the range of 2 to 9 mb. To see the effects of these interactions on the B c meson yield at RHIC, we have studied its time evolution using the kinetic equation for the heavy ion collisions dynamics. The plot shows that the suppression caused by the interaction of B c mesons with comovers is almost 8% and 11% when Λ = 1 and 2 GeV respectively. These results show that although the effect of interaction with comovers is small but it is not negligible.
